Establishment of stably transfected mammalian cells with conditional expression of antiproliferative or proapoptotic proteins is often hampered by varying expression within bulk-selected cells and high background in the absence of the inducing drug. To overcome such limitations, we designed a gene expression system that transcribes the tetracycline-dependent rtTA2-M2-activator, TRSIDsilencer, and selection marker as a tricistronic mRNA from a single retroviral vector. More than 92% of bulk-selected cells expressed enhanced green fluorescent protein or luciferase over more than three orders of magnitude in an almost linear, dose-dependent manner. To functionally test this system, we studied how dose-dependent expression of p27 Kip1
Introduction
Regulated gene expression in mammalian cells has a tremendous potential in both basic science and clinical medicine. Earlier expression systems were based on endogenous elements that responded to physiologic compounds or cellular stress, such as hormones (1, 2) and heat shock (3) , but the use of these expression systems was associated with pleiotropic effects due to the physiologic function of the inducers. More advanced systems have been developed that use artificial transcription factor systems based on nonmammalian control elements, such as the ectysone-inducible system (4, 5) , lac repressor/operator (6) , tetracycline (Tet) -inducible system (7), tamoxifenregulated cre-recombinases (8) , and a large number of other systems.
The Tet-inducible system is based on the regulatory Tetrepressor protein, which is switched off in the absence of Tet by the Tet-repressor protein. Upon binding of Tet or of the more stable analogue doxycycline, the repressor protein undergoes a conformational change and loses its ability to bind to the respective DNA sequences (tetO) of the Tetresistance operon. Doxycycline is a nontoxic, widely used drug that efficiently traverses the cytoplasmic membrane. Due to the evolutionary distance, it is unlikely that the prokaryotic transcriptional elements will interfere with gene regulation in mammalian cells. A mutant of the bacterial Tet repressor containing a four-amino-acid exchange exhibits a reverse phenotype (reverse Tet-transactivator, rtTA) when fused to a transcriptional activation domain; that is, it induces transcription in the presence of doxycycline (9) .
However, some shortcomings of the Tet-regulated system have become apparent over the last years. Because the rtTA transcription factor has residual affinity to the Tet-operator sequences in the absence of the drug, the leakiness of currently available Tet-regulated systems makes it difficult to express toxic, antiproliferative, or apoptosis-inducing proteins in some cell types. To circumvent this drawback, the Tet-regulated repressor (tTR) protein tetRKrab (10) and, more recently, the repressor tTS-Kid have been coexpressed with rtTA variants (11 -14) . However, usually only a limited number of cells show Tet-responsive gene expression with conventional Tet vectors (15) , requiring selection and testing of individual clones for conditional transgene expression.
In this article, we describe a retroviral expression system combining recently published rtTA proteins with tTRs in single retroviral vectors that showed greatly diminished leakiness, an improved regulatory range and, interestingly, a strictly dose-dependent gene expression within the entire bulk population of infected cells. We used this system to analyze the effect of p27
Kip1 on cell cycle progression in SH-EP neuroblastoma cells. p27
Kip1 has been described to have a dual function during G 1 -it is essential for cyclin D/ CDK4/6 import into the nucleus; however, increased p27
Kip1 expression also blocks the activity of cyclin E/ CDK2 kinase complexes causing cell cycle arrest at the G 1 -S boundary (reviewed in ref. 16 ). We found that the expression of p27
Kip1 not only induces cell cycle arrest but that the level of expression also determines whether the cells undergo apoptotic cell death or not. In neuroblastoma, several substances, such as retinoic acid (17, 18) , polyamine (19) , and thyroid hormones (20) induce cell cycle arrest and apoptosis associated with elevated expression of p27 Kip1 . Understanding how distinct levels of p27
Kip1 modulate the cellular response might, therefore, be essential for the therapeutic use of such substances. The herein described experiments on p27 Kip1 and our finding that the system also efficiently works in a variety of other cell types, such as cervix carcinoma cells, human breast cancer cells, and in vivo for suicide gene therapy studies (21) , further underline that this tightly regulated retroviral expression system represents a significant step forward for a wide range of gene function studies in vitro and in vivo. The observation that increasing p27
Kip1 levels over a critical cellular threshold represses proliferation, and, if more highly expressed, induces apoptotic cell death in neuroblastoma, underlines that p27
Kip1 is a critical molecular target for the pharmacologic treatment of this malignancy.
Materials and Methods
Cell Lines, Culture Conditions, and Reagents SH-EP is an established neuroblastoma cell line (22, 23) . Phoenix retroviral packaging cells were kindly provided by G. Nolan (24) . All cells were maintained in RPMI 1640 containing 10% FCS (Life Technologies, Paisley, United Kingdom), 100 units/mL penicillin, 100 Ag/mL streptomycin, and 2 mmol/L L-glutamine (Life Technologies) at 5% CO 2 and 37jC in saturated humidity. Doxycycline was maintained as a 10 mmol/L solution dissolved in PBS. The cell lines were tested for Mycoplasma infection and their authenticity was verified by DNA fingerprinting using the PowerPlex 16 System (Promega Corporation, Madison, WI; Courtesy of W. Parson, Institute of Legal Medicine, Innsbruck, Austria).
Construction of Retroviral Vectors
Plasmids coding for the reverse Tet-transactivator proteins rtTA (9), rtTA2-M2, and rtTA2-S2 (25) ; and the Tetregulated silencers TRSID (26) , tetRKrab (10) , and the pUHD13.2luc reporter vector (7) have been described previously. pLIB-MCS2iresPuro was constructed by inserting a multicloning site, an encephalomyelitis virus internal ribosome entry site (IRES) element and a puromycin resistance gene into the retroviral vector pLIB (BD Clontech, Mountain View, CA).
To obtain pLIB-rtTAiresPuro, rtTA was PCR amplified from pUHD17-1 (9) and cloned into the EcoRI site of the pLIB-MCS2iresPuro plasmid. For construction of pLIBrtTA2-M2iresPuro and pLIB-rtTA2-S2iresPuro, the cDNAs coding for rtTA2-M2 and rtTA2-S2 were excised with EcoRI and BamHI from pUHrT62-1 and pUHrT61-1 (25) , respectively, and cloned into the EcoRI-BamHI sites of pLIB-MCS2iresPuro. The coding region of tetRKrab was amplified from pCMV-tetR-KRAB (10) fused to an IRES element, digested with BglII and BamHI and inserted into the BamHI site of pUHrT62-1 downstream of the rtTA2-M2 transactivator coding region. A fragment containing rtTA2-M2, IRES-element and tetRKrab was then excised with SacII (blunted) and BamHI and inserted into the EcoRI (filled in) and BamHI sites of pLIB-MCS2iresPuro, generating the retroviral vector pLIB-rtTA2-M2iresKRABires-Puro. To construct pLIB-rtTA2-M2iresTRSIDiresPuro, the coding region of TRSID was amplified from pTHE (26) fused to an IRES element and cloned into pUHrT62-1, as described above. The rtTA2-M2-IRES-TRSID cassette was excised and cloned into the EcoRI-BamHI sites of pLIBMCS2iresPuro.
Retroviral, self-inactivating reporter vectors were constructed by inserting the P Tet -cytomegalovirus promoter containing the XhoI-EcoRI fragment from pUHD10-3 (9) into the pSIR vector (BD Clontech) generating pSITV-Neo. Enhanced green fluorescent protein (EGFP) was inserted as a PCR fragment amplified from pEGFP-N1 (BD Clontech) into the BamHI-EcoRI sites of pSITV (pSITV-EGFP-Neo) and firefly luciferase was excised from pGL3 (Promega, Mannheim, Germany) and cloned into the BamHI-EcoRI sites generating pSITV-luc-Neo. pSITV-p27
Kip1 -Neo was generated by inserting the coding region of human p27 Kip1 from pUHD-p27 4 into the BamHI-EcoRI sites of pSITV-Neo. Transient Transfection and Luciferase Activity Assays For transient transfection experiments, 1.5 Ag pLIB vectors containing the Tet-regulated transcription factors, 1 Ag of the luciferase reporter plasmid pUHD13.3-luc, and 0.5 Ag of the reporter vector pRL-SV40 renilla (Promega) were transfected into human embryonic kidney cells (HEK293T) using 12 AL metafectene (Biontex Laboratories GmbH, Munich, Germany) according to the instructions from the manufacturer. After 24 hours, the cells from each transfection were split into two six-well plates and cultured with or without 500 ng/mL doxycycline for another day. Then, cells were harvested and the activity of firefly and renilla luciferase was quantified using a dual luciferase activity assay (Promega). Light emission was measured in a standard tube luminometer (Berthold Technologies, Bad Wildbad, Germany).
Immunoblotting Cells were lysed in CelLytic-Mammalian cell lysis/ extraction buffer (Sigma, Vienna, Austria). Samples were separated by SDS-PAGE on 15% polyacrylamide gels and transferred to nitrocellulose membranes by a semidry transfer apparatus. The membranes were blocked with TBS containing 1% Tween20 and 5% nonfat dry milk, incubated with an antibody directed against the Tet-repressor DNAinteracting domain (kindly provided by S. Geley), p27
Kip1 or a-tubulin (BD PharMingen, Heidelberg, Germany) and detected with a horseradish peroxidase -conjugated secondary antibody (Amersham, Braunschweig, Germany). The blots were developed with enhanced chemiluminescence (Amersham) and quantified in a chemiluminescence detection system (UVP, Cambridge, United Kingdom).
Retroviral Infection and Characterization of DoubleTransfected Bulk Cells
Retroviral supernatants were produced as previously described (27, 28) . Briefly, 1 Â 10 6 Phoenix packaging cells were transfected with 2 Ag of the retrovirus vector and 1 Ag pMD2.VSV-G (29) using 12 AL metafectene (Biontex Laboratories). Retrovirus-containing supernatants were filtered through 0.45-Am syringe filters (Sartorius, Gö ttingen, Germany) and used to infect SH-EP neuroblastoma cells. Doxycycline-dependent expression of EGFP and luciferase was measured in a Becton Dickinson FACScan or with a luciferase quantification kit (Promega) in a tubeluminometer (Berthold Technologies), respectively.
Immunofluorescence Approximately 1 Â 10 4 SH-EP cells were seeded onto LabTec slides (NUNC, Rochester, NY), fixed with 4% paraformaldehyde, and permeabilized with 0.1% Triton X-100. The cells were incubated with monoclonal p27 Kip1 antibody (BD PharMingen) diluted in PBS/1% bovine serum albumin for 30 minutes, washed, and detected with an Alexa 488 -conjugated secondary antibody (Invitrogen, Carlsbad, CA). Analysis was done in an Axiovert200 M microscope (Zeiss, Oberkochen, Germany) using AxioVision Software (Zeiss).
Fluorescence-Activated Cell Sorting Analysis and [
H]Thymidine Incorporation Assays
Apoptosis and cell cycle distribution was quantified by nuclear staining with propidium iodide in concert with forward/sideward scatter analysis (30) . Nuclei in the sub-G 1 marker window were considered to represent apoptotic cells. For quantification of S-phase progression, cells were pulse labeled for 4 hours using a FITC-bromodeoxyuridine (BrdUrd) kit (BD PharMingen) according to the instruction of the manufacturer. Cell cycle distribution and BrdUrd incorporation were measured in concert with forward/sideward scatter analysis in a Cytomix FC500 (Beckman Coulter, Fullerton, CA). DNA synthesis was also determined by incubating 1.4 Â 10 4 cells with 4 ACi/mL [ 3 H]thymidine (Hartmann Analytics, Braunschweig, Germany) for 6 hours after which incorporated radioactivity was counted by liquid scintillation.
Results and Discussion Transcriptional Activity of Retroviruses Expressing Tetracycline-Regulated Transactivator and Repressor Proteins
The rtTA (9) and its variants, rtTA2-M2 and rtTA2-S2 (25), were cloned into a modified pLIB retroviral vector containing an IRES element and a puromycin resistance marker. The rtTAs and the puromycin resistance marker genes were transcribed as bicistronic mRNAs driven from the viral 5 ¶ long terminal repeat promoter (Fig. 1A) . The ability of these vectors to induce Tet-dependent gene expression was analyzed by transient transfection, as shown in Fig. 1B . HEK293T cells transfected with pLIB vectors expressing rtTA, rtTA2-M2, rtTA2-S2, or control vectors; the reporter plasmid pUHD13.3; and the luciferase control plasmid pRL-SV40renilla were split after 24 hours and treated with 500 ng/mL doxycycline for another 24 hours. The cells were then subjected to a dual luciferase activity assay. Compared with the original rtTA, the rtTA2-S2 showed about equal levels of basal expression in the absence of doxycycline (leakiness), and lower absolute values of induced activity. In contrast, rtTA2-M2 had about twice as high absolute levels of induction, but 4-fold higher leakiness ( Fig. 1B and D ; Table 1 ). This was in contrast to earlier studies showing that rtTA2-S2 and rtTA2-M2 exhibited significantly reduced leakiness (25, 31) . Differences may be ascribed to the use of different cell lines (HEK293T), as Urlinger et al. (25) did their experiments with HeLa cells containing a stably integrated pUHD-luc reporter vector. However, similar to our data, Lamartina et al. (31) reported increased basal activity of the rtTA2-M2 when transiently transfected with a tetO/Epo reporter vector. To solve the problem of basal transcription, we designed a second set of retroviral vectors combining the transactivator rtTA2-M2 with the transcriptional repressors tetRKrab or TRSID, which allows simultaneous translation of all three coding regions from one mRNA and facilitates efficient selection of cells that express rtTA and tTR proteins at high level (Fig. 1C) . TetRKrab is a transcriptional repressor containing the KRAB domain of the Kox1 gene (10), thereby recruiting the corepressor Kap-1, which modulates epigenetic gene silencing (32) . TRSID was generated by fusing the bacterial Tet-repressor to the mSIN-interacting domain of Mad1 (26) . This allows TRSID to interact and recruit histone deacetylases, thereby exploiting the potent gene silencing function of chromatin remodeling. The Tet-regulated transcriptional activity was analyzed by transient transfection, as described above. Compared with rtTA2-M2 without tTR genes, both rtTA2-M2 constructs containing tTR genes revealed marked reduction in leakiness with similar absolute levels of gene induction (Fig. 1D) . This suggests that a formation of nonfunctional heterodimers between rtTA2-M2 and tTR proteins (33, 34) either did not occur in this experimental setting or had no effect on leakiness and inducibility of the system ( Table 1 ). The expression of tetRKrab or TRSID even repressed the basal luciferase activity to 30% of the transfection control (containing only the empty pLIB-iresPuro vector and the reporter plasmid pUHD 13.3).
When analyzing the cellular expression of transactivator and repressor proteins by immunoblot with an antibody directed against the DNA-binding domain of these proteins, we found that in rtTA2-M2/TRSID -transfected cells, transactivator and repressor were expressed at equal levels ( Fig. 1E) , whereas in rtTA2-M2/KRAB -transfected cells, the tetRKrab repressor was significantly more highly expressed than the rtTA2-M2 transactivator.
Comparison of rtTA/tTR Retrovirus^Regulated Gene Expression in Stably Infected Bulk Cells
To assess whether the results of the transient transfection experiments were also reflected in cells with the Tet-responsive promoter and the transactivator/repressor -expressing retrovirus stably integrated in the host genome, we constructed self-inactivating retrovirus vectors for Tet-regulated expression of EGFP and firefly luciferase, respectively ( Fig. 2A) . In these retroviral vectors, inactivation of the 5 ¶ long terminal repeat during reverse transcription eliminates the interference between the viral promoter and the P Tet -CMV minimal promoter.
SH-EP neuroblastoma cells infected with rtTA/tTR retroviruses and the reporter virus pSITV-EGFP-Neo were analyzed for dose-dependent EGFP expression by fluorescence-activated cell sorting (FACS). As shown in Fig. 2B , cells expressing rtTA2-S2 achieved moderate EGFP fluorescence at 1,000 ng/mL doxycycline (Fig. 2B, left) , in agreement with our transient experiments (Fig. 1B) and those of Urlinger et al. (25) , who found rtTA2-S2 to be responsive only to high doses of the drug. In contrast, cells expressing Reporter gene activation was measured by a dual-luciferase activity assay. Columns, means of two independent experiments (B and D). Ctr., control. E, cells transfected with rtTA/tTR retrovirus vectors, an empty retroviral control vector, or expression plasmids coding for TRSID (pTHE) and tetRKrab were subjected to immunoblot analysis with an antibody directed against the TetR-binding domain.
Tet-Regulated Retroviral Gene Expression
rtTA2-M2 had a very steep induction of EGFP and reached a plateau at 200 to 500 ng/mL doxycycline. EGFP mean fluorescence intensities, as quantified by FACS analysis of bulkselected SH-EP cells, were 2-fold higher than with rtTA2-S2 (Fig. 2C, left) . SH-EP cells infected with the pLIB-rtTA2-M2iresKRABiresPuro retrovirus responded only weakly to doxycycline treatment (data not shown), whereas the Tettransactivator/repressor vector pLIB-rtTA2-M2iresTRSIDir-esPuro had excellent regulatory properties although the reporter vector was stably integrated into the host genome (Fig. 2D, left) . Most impressively, expression of EGFP in rtTA2-M2-TRSID cells was in a 99% linear correlation to the doxycycline dose over the whole range of concentrations in three independent experiments. Such a linear dose-response curve was not achieved with any of the rtTAs alone. Because low-level EGFP expression may be obscured by cellular autofluorescence, it was not possible to study regulation in the very low expression ranges using EGFP as a reporter. Therefore, to assess the full regulatory range of these expression systems, we next used the vector pSITVluc-Neo; hence, autofluorescence does not interfere with luciferase activity. With this reporter system, it became apparent that basal expression was reduced 10-to 20-fold by TRSID without reducing maximal induction levels ( Fig. 2, right; Table 2 ). Thus, an induction rate over more than three orders of magnitude was achieved with the rtTA2-M2-TRSID retroviral system.
To investigate how many cells in a double-selected bulk population responded to addition of doxycycline, and whether these cells showed dose-dependent gene regulation or an on/off switch, EGFP expression and its distribution within the cell population was analyzed by flow cytometry and fluorescence microscopy ( Fig. 3A and B) . In the absence of doxycycline, we observed a homogenous cell population without EGFP expression. However, upon addition of increasing doxycycline concentrations, the entire population (>90%) gradually shifted toward higher levels of EGFP fluorescence within 48 hours. There was almost no intermediate EGFP expression between the sharply circumscribed population of responders and the few nonreacting cells. Obviously, all cells that were competent for transgene expression reached a similar, dosedependent level of EGFP after 48 hours.
Coexpression of transactivators and repressors that recognize the same promoter sequence has been shown to convert rheostat regulation observed with either the transactivator or the repressor alone into a binary on/off switch, thereby losing dose-dependent transcriptional regulation (13) . However, in contrast to these data, our rtTA2-M2/ TRSID transactivator-repressor system provides both significantly reduced leakiness in the absence of the drug and dose-dependent, almost linear, transgene expression over a wide regulatory range. Lamartina et al. (31) also reported a dose-dependent response when coordinately expressing rtTA-M2 and the silencer TS Kid in a bicistronic plasmid, although not on the level of single cells. As also suggested by our observations with the rtTA2-M2/tetRKrab expression vector, the ratio of transactivator and silencer protein within a single cell might influence the regulatory properties of rtTA/tTR expression systems. Our results further support the implication that this system allows gene function studies in double-selected bulk populations without the necessity of raising and characterizing single cell clones. We next tested this optimized Tet system for the expression of the cell cycle inhibitor p27
Kip1 in SH-EP neuroblastoma cells. by stably integrated viral EGFP and luciferase reporter vectors. SH-EP neuroblastoma cells were infected with retroviruses coding for the transcription units rtTA2-S2, rtTA2-M2, rtTA2-M2/tetRKrab, and rtTA2-M2/TRSID, and the self-inactivating retroviral reporter vectors pSITV-EGFP-Neo and pSITV-Luc-Neo. pSITV-EGFP/Luc-Neo vectors contain a constitutive histone H4 promoter, a G418 resistance marker cassette, and the reporter gene (EGFP or firefly luciferase ) under the control of a P Tet -CMV minimal promoter (A). After selection, cells were exposed to doxycycline concentrations as indicated (B -D). EGFP expression was quantified by FACS analysis (left panels ). For quantification of luciferase expression, equal amounts of protein were subjected to a standard luciferase activity assay (right panels ). One representative experiment out of three. A linear regression curve was calculated using MS-Excel (dashed line , D). Kip1 and p21 Cip1 (data not shown). This raises the question whether loss of G 0 -G 1 checkpoint control and unrestricted proliferation results from the inability of these cells to elevate the cellular level of p27
Kip1 above a certain threshold. We inserted the coding region of human p27 Kip1 into the pSITV-Neo vector and analyzed bulk-selected SH-EP neuroblastoma cells for p27
Kip1 expression by immunofluorescence. Upon addition of doxycycline, massive induction and accumulation of p27 Kip1 in the nucleus was observed within 24 hours in almost all bulk-selected SH-EP neuroblastoma cells (Fig. 4A) . This again confirmed our results on EGFP-expressing, bulk-selected cells, where >90% of the cells expressed EGFP in a Tet-dependent manner (Fig. 3) . We next studied whether cell cycle arrest and/or cell death is critically regulated by the cellular amount of p27 Kip1 . For this purpose, the cells were cultured in various concentrations of doxycycline ranging from 10 to 500 ng/mL. As expected from our earlier experiments, the [ 3 H]thymidine incorporation of p27 Kip1 -transgenic cells was repressed in a dose-dependent manner, suggesting that checkpoint control in these cells can be activated by sufficient levels of p27 Kip1 (Fig. 4B) . This further underlines the ability of the rtTA2-M2/TRSID expression system to study dose-dependent target gene function in bulk-selected cells. In pilot experiments, we observed that expression of p27
Kip1 not only induced cell cycle arrest but also cell death. Therefore, we next studied whether the kinetics of cell cycle arrest and cell death induction also vary with the cellular p27
Kip1 expression level. SH-EP cells were cultured at concentrations in the range from 50 to 500 ng/mL and dose-dependent expression of p27
Kip1 was verified by immunoblot analysis (Fig. 4C) . In concordance with the [ 3 H]thymidine incorporation assay, G 1 accumulation was more prominent at higher doses of doxycycline after 24 hours. However, after 48 hours, the entire cell population slowly shifted into S-phase and finally underwent apoptotic cell death after 72 hours at higher doxycycline concentrations (Fig. 4C) . Quite unexpectedly, cells with strong p27
Kip1 expression seemed to appear earlier in S phase (Fig. 4D) . To specifically address this observation, BrdUrd pulse labeling was done at 50 and 500 ng/mL doxycycline (Fig. 4E ). Both concentrations of doxycycline reduced BrdUrd incorporation from 20% to 10% within 4 hours (Fig. 4E) . Sixteen hours after addition of doxycycline, f1% of the cells still proliferated at 500 ng/mL doxycycline in contrast to f7% at low doxycycline dose. After 40 hours in the presence of 50 ng/mL doxycycline, however, a large number of cells reentered cell cycle and incorporated BrdUrd, whereas those cells expressing higher levels of p27
Kip1 mainly remained arrested (25% versus 12%; Fig. 4E ). These FACS data suggest that p27 Kip1 causes a transient G 1 arrest as soon as a critical threshold is reached and that the cellular level of p27
Kip1 determines the duration of G 1 cell cycle arrest in SH-EP neuroblastoma cells. Bulk-selected cells with lower p27
Kip1 expression enter S phase earlier, progress through the cell cycle in a semisynchronized manner, and return to G 1 at 48 hours after addition of doxycycline. In addition, we find that moderate levels of p27
Kip1 induce cell cycle arrest without apoptosis induction, whereas strong expression of p27 Kip1 was associated with activation of the cell death machinery. These data may also explain discrepancies concerning the proapoptotic and antiapoptotic effects of p27 Kip1 in various overexpression studies (reviewed in refs. 35, 36) and imply that pharmacologic substances known to elevate p27 Kip1 not only counteract tumor growth but also efficiently activate apoptotic cell death in neuroblastoma tumors.
In conclusion, this study describes a significant improvement of current Tet-regulated expression systems with respect to regulatory range, leakiness, and efficient delivery into target cells. The striking advantages of the retroviral vectors expressing rtTA2-M2, TRSID, and selection marker genes as tricistronic transcription units are reflected by an excellent inducibility of the transgene in over 90% of infected cells, which allows the analysis of physiologic effects on bulk-selected cells. This proves that the isolation of individual cell clones is dispensable with this system. The combination of rtTA2-M2 and the histone deacetylaserecruiting repressor TRSID in a single retroviral expression vector yielded an efficiently transducible, Tet-regulated system with superior properties allowing an almost linear dose-response titration of transgene expression. This surprising effect was also reflected when studying genedose effects of the cell cycle inhibitor p27 Kip1 . With this system, we could show that the antiproliferative effect of p27 Kip1 and its apoptosis-inducing ability depend on the cellular expression level in SH-EP neuroblastoma cells. This implicates p27
Kip1 as a critical molecular target for the pharmacologic treatment of this malignancy.
As shown by our experiments on p27 Kip1 and the in vivo expression of the highly toxic bacteriophage protein E-holin (21), the rtTA2-M2/TRSID system will open new avenues in studying the function of apoptosis-inducing, antiproliferative, or differentiation-associated genes as well as toxic genes that might serve as candidates for suicide gene therapy. In addition, analysis of gene-dose effects in various cell types may be efficiently addressed due to the wide, but strictly controlled, regulatory range of transgene expression. The retroviral Tet system presented herein will significantly advance studies of gene function in various cell types and may be useful for gene therapy approaches. 
